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Abstract
The process of reionization is one of the major pieces of galaxy evolution which remain to be understood. With new observational tools like JWST on the horizon, imaging reionization-era galaxies will
soon be possible. However, because the ionizing radiation is absorbed by the neutral hydrogen it ionizes,
observers need some other parameter by which to identify those galaxies capable of reionizing. The
search for ionizing emission via related parameters is well underway, and has come up with some
tentative correlations, yet a consistent indicator or set of indicators remains to be discovered. New data in
the Low-Redshift Lyman Continuum Survey and the Ultraviolet Imaging of the Cosmic Assembly Nearinfrared Deep Extragalactic Legacy Survey reveal populations of potential Lyman Continuum leakers
heretofore unseen on differing redshift scales (z∼0.3 and z≥2.4 respectively). In this paper, we perform
Spectral Energy Distribution fits on these sources with a variety of star formation histories. We find that
for low-redshift sources it is possible to reproduce their observationally verified fesc using a doubleexponential star formation history, but in the high-z this fit produces puzzling distributions. We also
identify 42 potential high redshift Lyman Continuum leakers. In addition, we find that LyC leakage is not
ubiquitous in galaxies at z ∼ 2-4.
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ABSTRACT
The process of reionization is one of the major pieces of galaxy evolution which remain to be understood. With new observational tools like JWST on the horizon, imaging reionization-era galaxies
will soon be possible. However, because the ionizing radiation is absorbed by the neutral hydrogen it
ionizes, observers need some other parameter by which to identify those galaxies capable of reionizing.
The search for ionizing emission via related parameters is well underway, and has come up with some
tentative correlations, yet a consistent indicator or set of indicators remains to be discovered. New data
in the Low-Redshift Lyman Continuum Survey and the Ultraviolet Imaging of the Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey reveal populations of potential Lyman Continuum
leakers heretofore unseen on differing redshift scales (z∼0.3 and z≥2.4 respectively). In this paper, we
perform Spectral Energy Distribution fits on these sources with a variety of star formation histories.
We find that for low-redshift sources it is possible to reproduce their observationally verified fesc using
a double-exponential star formation history, but in the high-z this fit produces puzzling distributions.
We also identify 42 potential high redshift Lyman Continuum leakers. In addition, we find that LyC
leakage is not ubiquitous in galaxies at z ∼ 2-4.
Keywords: Galaxy Evolution, Reionization, SED fitting, CIGALE
1. INTRODUCTION

In the local universe, gas—primarily hydrogen—between galaxies is mostly ionized. This lack
of ambient neutral gas allows us to use telescopes like
the Hubble Space Telescope (HST) to observe galaxies
billions of light years away. However, at around 12 billion light years away—a redshift z ∼ 6—this begins to
change. Observations like Bowman et al. (2018) show
that between z ∼ 20 − 8, a universal phase change occurred, ionizing the constituent neutral hydrogen (HI)
of the Intergalactic Medium (IGM). Reionization happened around the same time as galaxies were beginning
to form, but there were also massive Population III stars
and early quasars contributing extremely high-energy
radiation. However, Fan et al. (2001),Srbinovsky &
Wyithe (2007) indicate that QSOs were not common
enough on their own to cause re-ionization, and thus
early galaxies (including Pop. III stars) are responsible
for this universal phase change. As gas collapsed around
dark matter halos in the early universe, rapid star for-
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mation released on the order of 25.7 Erg Hz−1 ionizing
radiation (called Lyman Continuum, or LyC), or any
light with energy ≥ 13.6eV. This theory, while the best
astronomy has to offer, remains tentative; nobody has
found the origin of this enormous energy output.
One reason for this is that the original ionizing radiation cannot be observed; HI absorption renders direct
observation impossible. Stated differently, the light we
think is responsible for ionizing doesn’t reach our telescopes because it is destroyed in the process of ionizing
the neutral IGM.
Thus, astronomers employ a range of indirect methods to assess the parameters of reionization over cosmic
time.
• Black Holes: Relativistic jets from black holes
beam through space as ultra-bright, ultra small
points. Their absorption spectra are one of the
best sources for high-z observation. They are typically termed Quasi-Stellar Objects (QSOs) because they are observed as dense, bright points
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Figure 1. This graphic depicts a sample QSO spectrum. Shorter wavelengths beyond the Lyman Limit are ionizing. Bluer
light is either completely or partially occluded, while redder wavelengths start to let radiation through, as redder wavelengths
are able to bypass HI clouds. Image credit: John Wise

originally thought to be stars. When material
along the line of sight interacts with the light from
the QSO, it leaves absorption lines, which can be
detected at column densities far lower than that
of emission lines. QSO spectra also yield information on how far away the absorbing material is,
due to redshift. Reionization can be understood
via a characteristic QSO spectrum like the one in
Figure 1.
• Thompson Scattering: Thompson Scattering polarizes light on the basis of free electron number
density (Robertson et al. 2015). The more neutral hydrogen, the more electrons locked up with
protons. Polarization data from the Cosmic Microwave Background era gives the best constraints
on the beginning of reionization.
• HI Spin Temperature: The HI 21cm hyperfine
spin-flip line occurs on a cadence of once every
11 million years. However, the relative frequency
of this emission is affected by the radiation field
at the source, yielding data on the effective ”spin
temperature” at point of emission. Mapping spin
temperature over time tells us how much global
emission and absorption was present. New arrays (HERA, PAPER, EDGES) will get much finer
data in this regime (Bowman et al. 2018).

https://digitalcommons.macalester.edu/mjpa/vol9/iss1/11

• Analog Galaxies: If, through analog galaxies
(galaxies that are compositionally similar to those
which reionized the universe) we can gain an understanding of which kinds of galaxies emit more
or less of their ionizing radiation, then we can
extrapolate over a total population Luminosity
Function (that is, how many galaxies are present
at a given luminosity) to understand the total
energetic ionizing output responsible for reionization. This can be parametrized as n˙γ =
fesc ξion ρSF R where ρSF R is cosmic SFR density
[M yr−1 kpc−3 ], ξion is LyC/s normalized to 1
M yr−1 . Observational constraints exist and will
improve for ρSF R , ξion is theoretically solvable
from stellar population models. However, Lyman
Continuum Escape Fraction (fesc ) is not well understood, nor can it be directly observed by definition. Therefore, reionization scientists adopt
a search for analogous galaxies in more suitable
(read: cosmologically recent) observing conditions
Izotov et al. (2021a). A strong understanding
of fesc across the mass-luminosity-redshift ranges
will allow a complete understanding of reionization, which has implications across a wide range of
physics. The problem, then, is that these sources
are exceedingly rare in the lower-z universe. This
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paper will focus on analog galaxies as a way of
investigating cosmic reionization.
1.1. A History of Non-Detections
Until recently, reionization observations were characterized by their relative inability to find LyC emission. Surveys of star-forming galaxies around and before
Naidu et al. (2018) (z ∼ 3.5) the global star formation
peak at z ∼ 2 − 3 still come up empty. At z ∼ 1.3,
Alavi et al. (2020) find no fesc in a sample of 11 young,
star-forming galaxies. At z ∼ 1, a similar dearth of detections: Siana et al. (2010) (z ∼ 1.3) find no LyC escape
in 15 starburst galaxies, Cowie et al. (2009) find no LyC
escape in 626 galaxies from z ∼ 0.9 - 1.4, etc.
However, recent surveys have seen more success. The
KLCS Survey Steidel et al. (2018) (z ∼ 2.7 - 3.5) determines fesc via the ratio [f900 /f1500 Å] for 136 galaxies. Their spectral analysis allows some parametrization of fesc over the local Luminosity Function. By extending the trends observed across their data they find
that sources like those observed (MU V ≤ −19.5) could
account for ∼50% of total ionizing emissivity at z ∼
3, where [OIII 4959,5007λ] is ubiquitous Malkan et al.
(2017). On average, it should be noted, fesc in these
galaxies is quite low, fesc,avg ∼ 0.09 ± 0.01.
Closer to home, low-redshift searches have seen success recently with the discovery that 11/11 Green
Pea galaxies surveyed have LyC escape [Izotov et al.
(2016),Izotov et al. (2018)], confirming that this is a
common feature of these galaxies (Jaskot et al. 2020).
Green Pea galaxies are a unique subset of dwarf galaxies, characterized by low metallicity, extreme ionization
fraction, high specific star formation (SFR/Area), and
small physical extent. In addition, these sources present
powerful OIII lines, which indicate extreme ionization
in a low-density medium. This type of source is an attractive analog for reionization, because their conditions
are likely similar to those of early-type galaxies. Their
gas is typically of low metallicity, implying it has not
been processed by lots of star formation, they are small
(MGP ∼ 1010 M ) and they are in extreme periods of
star formation as expected in the EoR. Jaskot & Oey
(2013).
Two recent surveys offer novel clues on fesc at very
different redshifts. The LZLCS survey (Flury et al, in
prep) detects fesc in 25/63 starburst sources ranging
from z ∼ 0.22-0.38 using a similar metric to the KLCS
survey.
At the higher redshift, the UVCANDELS [cite proposal] survey addresses the broad UV demographics of
the mid-redshift population. With Hubble Space Telescope F275W imaging of over 8,000 z ≥ 2.4 sources sen-
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Figure 2. Image Credit: Zackrisson et al. (2013)

sitive to LyC escape, the catalogue can confirm or deny
the apparent rarity of LyC in the medium-z universe.
1.2. Density-Bounded or Clumpy ISM Morphology?
Around extreme star-formation cores, the exterior gas
will tend to be ionized in the extreme. While the interior stars will have their own radiative signatures,
the surrounding nebular gas will have its own emission signatures, such as extreme ionization lines Jaskot
et al. (2019). This scenario is referred to as ”densitybounded,” and implies that the surrounding gas has
been ionized by the stellar output. In this scenario LyC
has no trouble escaping the source from any angle, as
any occluding hydrogen is already ionized.
Alternatively, an ionization-bounded model refers to
a scenario where bright radiation from star formation
forms a small ionized shell and then punctures a hole
where the surrounding neutral gas is least dense, preferentially escaping through that channel. There is some
debate as to which model better, or more commonly facilitates LyC escape, but recent modelling shows that
both may be present in observed low-redshift LyCleakers Ramambason et al. (2020). In this scenario, LyC
escapes preferentially in the direction(s) of the hole(s),
meaning a detection would be contingent on an escape
hole coinciding with the line of sight. The two separate
models may result in different characteristic escape fractions, and even different underlying galaxy properties as
well.
1.3. Indicators
In order to identify LyC leakers at high-redshift, we
would like to have some kind of indicator that could be
used in future James Webb Space Telescope missions
which will produce sufficient high-z imaging and spectral capacity to detect the first galaxies’ optical components. In addition, since direct detection of fesc is
taxing observationally and not available in the EoR, a
robust indicator is needed for designing future surveys
of reionization analogs. Here, we review a couple of the
proposed indicators of LyC escape.
1.3.1. OIII/OII Ratio
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One proposed search criteria is the ratio between
OII, doubly-ionized Oxygen in photo-excitation, and
OIII, triply ionized Oxygen colliding. It is defined as
(O32 ≡ [OIIIλλ5007, 4959Å]/[OIIλ3727Å] > 5). The
ratio between radiation production in the center of stars
(OII), and radiation ”recycling” by nebular components
(OIII) is encapsulated here. High O32 means that the
gas is highly ionized, likely in the presence of a strong
UV radiation field. While O32 is a precondition of LyC
escape, numerous recent studies suggest that it does not
necessitate escape. Therefore it is not a reliable enough
indicator on its own [Izotov et al. (2020),Bassett et al.
(2019),Izotov et al. (2018)].
1.3.2. Low Ionization State Lines
Low ionization state lines are produced by low-density
gas expected to inhabit tunnels through a higher-density
medium. These lines posit a different ISM model than
O32 , that is, a model of the ISM where most of the gas is
dense with high optical depth, and LyC escapes preferentially through small holes in the ISM. Some examples
are (SiII,CII,OI).
1.3.3. Lyα Profile Shape
Galaxies with extreme density-bounded ISM characteristics are expected to have small differences between
the velocities (vLyα ) of their double-peaked Lyα profiles
such that vLyα ≤ 150kms−1 . A picket-fence model for
LyC escape implies a single-peaked Lyα peak with a
tail blue-wards of the rest-frame wavelength Verhamme
et al. (2015).
Recent studies [Izotov et al. (2021b), Jaskot et al.
(2019)] confirm the anti-correlation between LyC and
Lyα peak separation velocity, however, high-resolution
spectra of the LIS lines or Lyα profile may not be available for high-z surveys. Thus, the O32 line ratio has received a great deal of attention (and null results) while
the other diagnostics remain to be fully understood.
There is also potential in mixing and matching these
indicators in order to create some kind of fundamental plane of parameters in which the LyC leakers might
cluster.
In the LZLCS survey, the authors identifying local
galaxies with a range of fesc . We will perfom SED fitting to these sources in order to understand their accompanying parameters—a foundational step in preparing for greater high-z capabilities in JWST and other
next-generation observatories.
1.4. Organization & Motivation
In the near future, we will be able to image
reionization-era galaxies directly in their non-ionizing
wavelengths. SED fitting could prove to be useful in
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Figure 3. Light bluer than the Lyman Limit—Lyman Continuum—is ionizing. The sharp fall-off at this line indicates
the presence of neutral gas along the line of sight. Beyond z
= 2.4 the F275W filter is completely filled by LyC, meaning
that when we look at F275W images for these sources, we
are looking directly at LyC.

producing additional information about those sources’
LyC. Therefore, it is necessary to perform a thorough
test of a) the efficacy of SED fitting at lower redshift
where we have more complete data, b) the methods that
ought to be used for various galaxy types, c) pitfalls or
mistakes we want to avoid.
The major question is this: if we treat our low-redshift
data as a testing site for future reionization-era study,
what do we find?
The rest of the paper is organized as follows: in 2 we
describe the data products employed in this paper, in 3
we lay out the analysis, and describe the code used to
carry it out. In ?? we discuss the nature and efficacy
of the work we have done, and in ?? we present results
and directions for future work.
2. DATA

This paper uses three main sources of data: broadband photometry from the Sloan Digital Sky Survey
(SDSS), physical properties derived from spectra from
the LZLCS survey, and a combination of photometry
and mosaics from the UVCANDELS survey.
2.1. LZLCS
The Low-Redshift Lyman Continuum Survey used 126
Hubble orbits to take spectra of 67 potential Lyman
Continuum-Leaking galaxies with the Cosmic Origins
Spectrograph (COS) instrument (Jaskot 2018). These
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sources are nearby, with a redshift range z ∼ 0.21 0.38. Taken using the G140L grating, these data probe
the Far-UltraViolet (FUV) range of the galaxies’ spectra, from Hubble rest-frame 850-1500Å. Emission blueward of 91.2nm is considered LyC, and thus the escape fraction of these sources is defined as fLyC /f1100Å .
This wavelength range also contains the Lyman Alpha (Lyα)(λ1216Å) emission line and some weak lowionization UV absorption lines. The survey represents
the first comprehensive low-z LyC leaker sample large
enough to get a sense of the trends across the demographic.
When fitting sources in LZLCS with CIGALE, we use
Sloan Digital Sky Survey (SDSS) ugriz photometry for
our inputs, representing a sampling across the visible
and near-UV wavelengths in the rest-frame. We also
use broadband GALEX FUV and NUV (representing
coverage from wavelength ranges 1350-2800Å) photometry to augment our input fluxes on the blue end of the
spectrum. These data have zero information on the LyC
emission of the sources, so our fits are not expected to
produce accurate values on LyC escape.

2.2. UVCANDELS
The Ultraviolet Imaging of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(UVCANDELS) seeks to augment 4 ”legacy” fields that
already have a wealth of existing data with new UV
coverage Teplitz (2018). The survey uses 164 orbits of
parallel imaging of the WFC3/F275W and ACS/F435W
filters to create photometry and mosaics across 430
square arc minutes. WFC3/F275W provides wavelength coverage from 228-312nm and the ACS/F435W
filter goes from 360-488nm. The two mosaics reach 3σ
detection threshold at absolute magnitudes of AB≈27
and AB≈28 respectively. The program provides a great
deal of public data, but for our purposes it has exposure
to the Lyman Continuum for galaxies with a redshift of
z ≥ 2.4, right about the cosmic peak of star formation.
Therefore, the UVCANDELS data products represent
an entirely different redshift regime, and number of
sources ( 8000 sources z ≥ 2.4). We will use CIGALE
to model UVCANDELS and LZLCS.
For SED-fitting, we employ existing 3D-HST photometry from the Hubble—WFC3 and ACS—and SpitzerIRAC instruments across the following filters: F275W,
F435W, F606W, F775W, F814W, F850LP, F105W,
F125W, F160W. IRAC Channel 1 and Irac Channel 2.
These filters represent a comprehensive, nearly continuous range from the observer-frame blue end at 2286-
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3120Å, the optical and near infrared 3605—16999Å, and
the far-infrared 31500—50000Å.
3. ANALYSIS

Spectral Energy Distribution (SED) fitting is a quick
way to infer galaxy characteristics from broadband photometry.
In this paper we use an SED-fitting code called
CIGALE (Boquien et al. 2019). CIGALE employs a
Monte-Carlo modelling suite which takes a set of observational broadband photometry and/or emission line
data and uses a grid of model inputs to attempt to reproduce the inherent spectrum of the source. For our
applications we will only use broadband photometric inputs.
In producing the model spectrum, the code draws
from a range of user-input values. Once the best-fit
model is chosen, the associated values can be derived.
CIGALE particularly is powerful because it computes
models based on a variety of Star-Formation Histories
(SFHs), allowing direct comparison of various SFHs.
While typical spectral line analysis identifies combinations of spectral lines and continuum functions to understand the underlying factors that shape the spectrum,
SED fitting builds that spectrum from the combination
of the underlying factors.
While most of the indicators discussed in Section 1 are
observational, SED-fitting presents a way to potentially
fit out LyC escape with simpler data, and no one specific
indicator. Were this to be a reliable method to characterize LyC escape, it would be immensely valuable.
3.1. Modeling of LZLCS Sample Galaxies
For the LZLCS sample, we employ a source-dependent
modelling set, inputting a range of model parameters
that define how the galaxy is composed. We perform
fits using two separate star formation histories: doubleexponential (2exp) and delayed burst-quench (bq). 2exp
considers an initial burst of star formation, followed by
exponential decay and the option to add a second burst
in the recent past. This approximates a galaxy undergoing a recent burst of star formation, i.e. a starburst
galaxy. bq considers some initial burst of star formation which decays until some time where it levels off
and forms stars at a (low) constant rate. Our Galaxy
has star formation history like this. These models can
be parametrized as follows
• Double Exponential:

exp(−t/τ )
if t ≤ t0 = t1
0
SF R(t) ∝
exp(−t/τ ) + k · exp(−t/τ ) if t ≥ t − t
0
1
0
1
(1)
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Figure 4. Area on sky where UVCANDELS data was taken. Credit: Teplitz (2018)
Table 1. Parameter ranges for 2exp and bq SFH
2exp Parameter

2exp Range

bq Range

Units

(1)

(2)

(3)

(4)

τ0
τ1
Burst Fraction
t0
t1

50, 100, 500, 5000
1, 3, 6, 10, 15, 25
0.01, 0.05, 0.09, 0.15, 0.35, 0.5
500, 2500, 5000
1, 3, 5, 10, 20, 50

50, 1000, 5000
N/A
N/A
500, 2500, 5000
1, 5, 10, 25, 50

Myr−1
Myr−1
None
Myr
Myr

Note—These model inputs were used to fit LZLCS galaxies

where t is time since initial formation, τ is the decay rate, and k is the relative size of the second
burst. For the LZLCS sources, we have observational results for their fesc , so first we test whether
with the right results, the SED fits can reproduce
the observed fesc values. Therefore, we set each
source’s fesc in its fit, and range the rest of the entries according to Table 1, where τ0 and τ1 are the
decay rate of the original and secondary starbursts
occurring at t0 and t1 respectively, burst fraction
(which is proportional to k) represents the portion of stars in the galaxy which are part of the
secondary burst, and age and burst age represent
the times at which each burst occurred in units of
millions of years (Myr).

https://digitalcommons.macalester.edu/mjpa/vol9/iss1/11

• Delayed Burst-Quench:

t · exp(−t/τ )
if t ≤ t1
SF R(t) ∝
r
SF R · SF R(t = t1 ) if t ≥ t1

(2)

This equation is from Hunt et al. (2019) where
the SFH description was first formulated. t1 is
the burst age or quench age, at which the star
formation stops its exponential decay and is set to
a constant. In our fits, rSF R = 1 throughout.
The rest of the modelling is the same for both SFH
modules. We use CIGALE’s native nebular module to
model gas emission. To model the stellar populations
we use CIGALE’s bc03 module, from Bruzual & Charlot (2003). For dust attenuation we use CIGALE’s dustatt modified CF00 module Charlot & Fall (2000) and
the casey2012 Casey (2012) module for dust emission.
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3.3. UVCANDELS Catalogue Sorting & Stacking

Figure 5. Example of a model spectrum fit. Magenta circles
are SDSS filter fluxes, the black line is the total spectrum,
the red line is the dust spectrum, the green line is the gas
contribution, the blue is the stellar contribution. This is the
best-fit spectrum of all that were computed for this galaxy.

These modules have consistent inputs across all sources
fitted in LZLCS, save for the changing fesc value in the
nebular component.
For the grids given in Table 1, CIGALE considers X
models/source for 2exp and Y models/source for bq.
For each set of grid inputs, CIGALE calculates a total spectrum. CIGALE chooses the best fit via a series
of eliminations outlined in Boquien et al. (2019), which
essentially chooses the model with the best χ2 ν fit to
the provided (observational) fluxes.
3.2. UVCANDELS SED Fitting
We model the high-z populations using a standard grid
as in the everything models. The specific ranges can be
found in Table 2.
As these sources are much earlier in their formation
(∼2 billion years old) they may not be old enough to
have had a second burst of star formation. Modelling
single-exponential sources in CIGALE entails a simple
tweak such that there is are no available parameters for
a second starburst. Therefore, we model the z≥ 2.4
sources with 1exp and 2exp star formation histories,
with grids shown in Table 2.
We do not model any sources with the bq SFH as its
efficacy was proven to be poor in the LZLCS fits, and
because likely these sources have not been around long
enough to fit have completed a full quench in star formation. We’re talking about the cosmic star formation
maximum, after all.
Because there is no observational data set for fesc as
was the case for the LZLCS galaxies, we will rely on
the tightness of the fit to clue us in on how the well the
compared SFHs match the inherent SED.
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We perform first-look analysis of new proprietary mosaic data from UVCANDELS. Most of the field has a
wealth of 3D-HST and Spitzer broadband photometric
data. We leverage these two data sets to form three
samples of potential LyC leakers as seen in table 1.
These categories serve to test two different theories
about the escape of ionizing photons: the OII and
O32 lines indicate extreme ionizing star formation lines,
while the z¿2.4 regime is the boundary at which Lyman
Continuum will represent all of the light in the filter image. At z = 2.4, the 91.2nm Lyman Break is shifted to
about 310nm, the red end of the F275W filter. So any
galaxy that shows up in the F275W filter with a redshift
greater than 2.4 is likely a Lyman Continuum Emitter,
with the caveat that filter-derived redshifts are known
to be imperfect (Rutkowski et al. (2016)). To confirm
Lyman Continuum emission, a spectroscopic followup
would be needed.
Therefore, where we can get a cross-reference for redshift, we want to. Using the VANDELS data set, we
cross reference redshift and for every match, replace the
3D-HST value with the VANDELS-derived one. VANDELS (McLure et al. 2018) finds redshift using the Visual Multi-Object Spectrograph on the Very Large Telescope, rather than filters, a more accurate method. Using these data, we postage-stamp (cut out a 70x70 pixel
area around) each source in a given catalogue, and take
their sum. This allows us to smooth out uncertainties
and get a broad sense of how common emission is in the
filter.
Seeing no general trend of LyC emission, we combed
through the data by hand, as LyC leakers are few and
far between.We find 60 new sources for spectroscopic followup, tiled in Appendix A, including
one high-σ source with OIII/OII = 6.5. We will
apply to spectrascopically observe these objects
in Summer 2021.
4. DISCUSSION

4.1. Implications of SED fits in LZLCS
• Fixed fesc : With the settings established in Section
3, we set fesc to its spectrascopically confirmed
value (from the LZLCS data) for each source, and
use CIGALE to get the best-fit value for each
parameter for which we provided a range—i.e.
ranged values from Table 1. A sense of these final parameter results can be found in Figure 6.
We note the discrepancy in the young mass panel
between the 2exp and bq results—though this is
to be expected, the 2exp models have young (i.e.
formed in a recent burst of star formation) mass
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Figure 6. Plotted above are histograms for a given 2exp and bq fitting parameter. The y axis is number of sources in a
particular bin, and the x axis is the value of the parameter as titled ”age m star = stellar age. We note sharp distributions in
bq parameters, as they are systematically fitting starburst galaxies, but do not include parameters to deal with bursts. We also
note a disconnect between the 2exp and bq young mass distributions.

Table 2. Parameter ranges for 2exp and 1exp SFH
Parameter

2exp Range

1exp Range

Units

(1)

(2)

(3)

(4)

τ0
τ1
Burst Fraction
t0
t1

10.0,50.0,100.0,300.0,500.0,1000.0
1,5,10
0.01,0.03,0.05,0.07,0.1,0.15,0.2,0.25,0.3,0.5
50,100,250,450,700,1000,2000
1,3,5,7,10,15,20

1, 10, 100, 500, 1000, 2500, 5000, 10000, 30000
0
0
10, 250, 500, 732, 973 ... 13500
1

Myr−1
Myr−1
None
Myr
Myr

Note—These inputted model parameters were used to fit the SEDs of UVCANDELS sources.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Figure 7. The following images represent what we refer to as ”stacks”. A stack is constructed by taking standard cutouts
from our mosaic image for each source in a catalogue, and summing these data values in these cutouts. Stacks can help us gain
a general understanding of the presence or absence of emission in our data. Top row (a-d) is F275W stacks for Aegis, Cosmos,
Goods South, and Goods North for the catalogue z≥2.4. Middle row (e-h) is the same fields but for the catalogue z≥1.9, OII
Signal/Noise ≥2. Bottom row is the F125W stacks for Aegis, Cosmos, and Goods South. If the galaxies were widely visible in
F275W emission, a circle in the center would show up. This data tells us that the F275W filter is empty for most of the sources
in the z 2.4, and OII SNR catalogs. Finally, obtrusive noise patterns evident in some of these stacks appear because the mosaic
has small gaps which yeild powerful noise values.
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Table 3. LyC-Leaker Search Samples
Field

z ≥ 2.4

OII SNR ≥ 2

O32 ≥3

(1)

(2)

(3)

(4)

AEGIS
COSMOS
GOODS North
GOODS South

8574
5847
2705
1600

1417
884
585
342

7
5
6
5

Note—OII SNR = OII[flux/error]

≈ 5 times the average value of the bq distribution.
There is also a general trend in the bq results for
the best-fit parameters to cluster about the same
value—as in age, mass ratio, sfr—indicating a lack
of proper sampling.
Next, we take these best-fit parameter results and
run them with a range now only on fesc (Figure 8).
While the 2exp-derived values do fit the observed
values for fesc , the bq models do not.
• Full Range fesc : In order to test the validity of running these models when the answers are not already in hand, we run a new set of fits with ranges
on all parameters including fesc (Figure 9).
For these fits, we place ranges on all the SFH parameters, and on fesc , such that the only observational information we provide is from the filter
fluxes. We find that neither SFH module fit accurately reproduces the observed values. Given
that the bq fits perform poorly in both scenarios,
we discontinue their use for the remainder of this
analysis.
We recommend future surveys do not employ a burst-quench star formation history
to determine the escape fractions of starforming galaxies.
Out of our four separate CIGALE runs only one reproduced the observed values for fesc . The burst-quench
models failed in both instances, while 2exp models
worked only when their input parameters were defined
using the very answers that we were looking for, rather
than a range. Still, this tells us something about the potential star formation histories available for LyC leakers.
At low z, the Green Pea galaxies will have similar SFH
to our 2exp modules: not much metallicity until recent
time in which they undergo starbursts. It is interesting,
then, that our models illustrate a preference for highermass galaxies. The parameters from Figure 10 show

https://digitalcommons.macalester.edu/mjpa/vol9/iss1/11

what appears to be a preference for larger mass, burstier
galaxies in the fixed fesc as opposed to the full-range fits.
From this plot and the comparison plots between 2exp
and bq, we derive certain preferences for LyC escape in
the LZLCS: LyC leakers are galaxies with large,
recent bursts, who have not experienced intense
star formation since their main stellar population
was formed. This type of starburst is almost certainly
correlated to violent galactic outflows, which might disrupt neutral gas enough to allow LyC escape, or emit in
a density-bounded fashion.
In addition, we perform a linear regression fit to
the both the fixed-fesc and full-range fesc runs using
python-scihub’s sk-learn package. In order to correct
for naturally exponential variables like mass, we scale
by logarithm. The multi-component regression solves
for the variables responsible for the most variance between the derived and observed fesc . For the fixed-fesc
we find that the component with the most variance is
the mass ratio (young/old) (31%), just above the following parameter, old mass (29%). For the full-range
fesc we find the component with the most variance is
old mass (44%) far and away, with the second most responsible for only 5%. Since the difference between the
observed and derived fesc is essentially random for the
full-range fits, we assume that mass has an outsized explained variance in general, and that the slim dominance
of mass ratio in the fixed-fesc data is therefore significant. This is consistent with our proposal that looking
for higher mass ratios may lend itself to better fits for
star-forming galaxies. Indeed, the data from Fig. 10
suggest that not only mass ratio, but mass have positive correlations with the fixed fesc runs.
4.2. Implications of SED fitting and SFR-z plots for
UVCANDELS
In order to understand the nature of our fits’ results,
we compare them along a variety of bases. First, the reduced chi-squared (χ2 ν), i.e. the tightness of the fits for
goods north and goods south have respective medians
(2.4, 1.3) for 2exp and (1.4, 0.7) for 1exp.
We plot the results from the fits on the mass-redshift
plane for both 2exp and 1exp, finding a normal gaussian
distribution for the 1exp fits, and a two-peaked relation
on the mass axis.
The mass comparisons clearly show a population for
which the 2exp models fit a smaller mass as in the rop
middle panel of Fig. 11. By secondary analysis, we find
these are the same sources with mass ratio (young/old)
≥ 0.8. In addition, we find via histogram that the
2exp runs fit mostly (∼ 90%) galaxy ages of less than
100Myr—unlikely to be accurate for our sources. Addi-
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Figure 8. Fixed fesc fits.
Observed fesc values are plotted on the y axis with the 2exp and bq models plotted on the x axis of the left and right panels
respectively. The left panel shows correlation along the overlaid y=x line, meaning that the values derived with cigale correspond
to the ones observed, while the right panel shows no correlation.

Figure 9. Full-Range (unbiased) fits. Observed fesc values are plotted on the y axis with the 2exp and bq models plotted
on the x axis of the right and left panels respectively. Neither panel shows correlation, though we note that the left panel does
sample the full range of fesc .
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Figure 10. Comparison of like parameters between fixed and ”everything” SED fitting runs. From top left to bottom right
the compared parameters are: fesc , Log10 (Mass)[M ], Young Mass/Old Mass ,Log10 (Young Mass)[M ], Age [Myr], Burst Age
[Myr], tau0 [M−1 ],χ2 ν, 10-yr SFR [M ]/yr
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tionally, the χ2 ν values illustrate better fits for the 1exp
SFH module.
While the 1exp fits seem to fit better to established
data, its possible that the CIGALE fits don’t account
for the sources that we identify by eye using F275W
filter emission. Fits to these galaxies’ SEDs result in
statistically unlikely χ2 ν values (see bottom middle
panel of Fig. 11). We also note that while the 2exp and
1exp fits both predict a number of sources with isotropic
(∼ 1) fesc , we do not find this presence in the imaging
stacks. While 1exp results yield smoother χ2 ν
values, neither accurately predicts the observed
escape fractions of our sources in the medium-z
universe.

4.3. Implications of stack/stamp code for
UVCANDELS
This analysis purports an upper limit on generalized LyC escape for sources with absolute
magnitude ABF U V < 27 of none. As shown in Figure 7, total field stacks yield a null result for the novel
UVCANDELS data set. Since many of these sources are
at the cosmic peak of star formation, they are likely creating LyC, but it does not escape. This result fits with
recent studies at higher redshift [Naidu et al. (2018),
Fletcher et al. (2019)] and slightly lower Rutkowski et al.
(2017) which find that extreme SFR galaxies do not contribute enough ionizing radiation to the IGM to account
for reionization. From our SEDs, we are able to say
that LyC is not present in sources with a median mass
M= 109.5 M , a factor of 2 larger than the average from
Rutkowski et al. (2016) at z = 1, where the median was
M= 109.3 M . Our survey also has exposure down to
108 M . Our result extends the referenced studys’ presumptions to a broader population in both redshift and
AB Magnitude. We suggest that either preferential
escape among extremely small allow LyC escape
at z ∼ 2.4 - 4, or that the mechanism for LyC escape at in our redshift range is characteristically
different than at low z, i.e. anisotropic escape.
However, we do find a number of potential LyCemitters by eye, collated in Appendix A. In further work
the UVCANDELS team will follow up on these sources
spectrascopically with Keck or the Large Binocular Telescope. Getting spectra on this population will allow the
team to a) verify their redshifts (confirming LyC emission), b) understand the shared parameters across the
population. Indeed, there are still morphological suggestions that could prevent the simple parametrization of
escaping Lyman continuum, as in mergers and anistropic
escape. In addition, extreme sources like the Green Peas
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could be resistant to detection at high redshift simply
due to survey completeness.
5. RESULTS

This paper seeks to understand the properties associated with LyC leakers using our SED-fitting routine,
CIGALE. The work conducted therein represents the
sum of a set of supplemental work in support of the
UVCANDELS team. From these specific efforts detailed
thus far, there are a number of claims we can make from
this work on its own.
(1) Double Exponential star formation history represent a better fit to LyC leakers than burst-quench star
formation history in the low-redshift regime. While we
do not reproduce the escape fractions of the sources
themselves without biasing our search, that is to be expected, as our bluest filter is not sensitive to LyC. In
addition, it appears that the main factor contributing
to the relative success of the 2exp fits is the relative size
of the burst, suggesting large-burst events could propel
some LyC escape.
(2) Isotropic Lyman Continuum Escape is not common at high-z among galaxies with masses of 108 -1012 .
As represented in the stack images, there is no consistent LyC emission present in the deep legacy fields sampled by UVCANDELS. This result underscores recent
research by Naidu et al. (2018) who find no LyC emission by extreme OIII emitters at a redshift of 3.5.
(3) While plausible at lower redshifts, 2exp SFH fits
do not perform as well as single-exponential fits, indicating a possible lack of violent-burst star formation in
our sample. In addition, neither the 2exp nor the 1exp
fits fit the potential identified LyC leakers well.
(4) High OII emission does not result in ubiquitous
LyC emission across all sources in the UVCANDELS
data. No uniform central source was identified in our
stacks.
6. FUTURE WORK

The authors will work in the coming summer of 2021
to further explore the efficacy of using CIGALE on highredshift sources. We will reproduce the work in a recent
paper (Naidu et al. 2018) for some of our sources identified within the redshift range z ∼ 1.9 - 2.4 to determine
the efficacy of CIGALE when partially exposed to LyC.
In addition, spectrascopic followup will be applied for
on the eye-identified leakers, with special focus on determining a precise value on their redshift.
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Figure 11. 2exp vs 1exp SED fits various parameters plotted against one another from upper left to bottom right: Age (Myr),
Log(Mass) M , Mass ratio young/old, Young Mass M , Age (derived) (Myr), Burst Age (Myr), tauM ain(M yr−1 ), χ2 ν, 10-Year
SFR (M yr−1 . We note exceptional distributions in the mass, young mass, and mass ratio panels. Additionally, we overplot
those galaxies which show up in our search of LyC emission with larger red circles, and find that not one of them is fit with a
confident χ2 ν value.
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